Introduction
Multiple myeloma (MM) is a malignant neoplasm of plasma cells in the bone marrow. 1, 2 Skeletal abnormalities are found in the majority of MM patients at the time of diagnosis, and manifestations of bone disease in MM include osteolytic lesions, osteopenia/osteoporosis, and fractures. [3] [4] [5] Bone disease can be painful and reduces quality of life in MM patients. 6, 7 In MM bone disease, the interaction between malignant plasma cells and the bone microenvironment leads to osteoclastic bone destruction, reduced osteoblast function, and blocking of bone repair. 8, 9 This imbalance, along with decreased bone mineral density and treatment-related factors such as treatment with glucocorticoids, can lead to fractures in MM. 5, 10, 11 In a population-based retrospective study, MM patients were found to have a 9-fold increase in risk of fractures after MM diagnosis, as compared to expected fracture rates in the population. 5 To prevent skeletal-related events, treatment with bisphosphonates is recommended for most patients with MM, and treatment with zoledronic acid has been reported to improve overall survival in MM patients. 12, 13 Previous studies have shown that skeletal-related events (radiation to the bone, a pathologic or osteoporotic fracture, hypercalcemia, spinal cord compression, or surgery to the bone) are associated with reduced survival in both breast cancer and prostate cancer. [14] [15] [16] To our knowledge, only three studies have assessed the effect of fractures on survival in MM. In the largest study so far, a total of 513 MM patients diagnosed from 1998 to 2000 and enrolled in a clinical trial were included retrospectively; all patients had Durie-Salmon stage III, bone lesions, and a median age of 62 years. No significant difference in survival was observed between MM patients who developed a fracture during follow up as compared to patients that did not develop a fracture. 16 The second study was a small case-control study in which overall survival was found to be inferior in MM patients with pathologic fractures (n=24) compared to patients with no pathologic fractures (n=25). 17 However, in a large study from the UK including patients admitted with plasma cell dyscrasias (MM, plasmacytoma, and plasma cell leukemia), both previous and subsequent fractures were found to be a risk factor for worse survival after first admission for plasma cell dyscrasia. 18 The aim of our study was to evaluate the impact of fractures and certain subtypes of fractures on survival after MM diagnosis in a whole population using real-world data on all MM patients diagnosed during a 23-year period in Sweden. We also aimed to compare the effect of fractures on survival in MM before and after the introduction of novel treatment agents that have greatly improved survival in the MM patient population. [19] [20] [21] 
Methods
The Swedish Cancer Registry is a centralized, nationwide registry containing information on patients who have been diagnosed with a malignant disorder in Sweden since January 1 st , 1958. Every physician and pathologist is obliged by law to report each case of cancer to the registry. The Swedish Cancer Registry contains information on sex, date of birth, date of diagnosis, and histopathologic diagnosis. In a validation study from 2007, the completeness and diagnostic accuracy of the Swedish Cancer Registry was found to be over 93% for MM patients. 22 Patients diagnosed with MM in the period from January 1990 to December 2013 were identified from the Swedish Cancer Registry. Information on date of birth, diagnosis, and death were collected. Information on clinical stage and laboratory results were not available for the patients. Each person in Sweden receives a unique personal identification number that is used to index all major health registers, making it possible to link information in the registries. Information on fractures, using ICD-10 and ICD-9 diagnostic codes (see Online Supplementary Appendix) was obtained from the Swedish Patient Registry, that contains inpatient data from 1987 as well as information on outpatient visits from 2000. Fractures from ten years before MM diagnosis and then afterwards were included (to adjust for previous fractures before MM diagnosis). Information on date of death was gathered from the Swedish Cause of Death Registry. End of follow up was December 31 st , 2013. The study period was divided into two calendar periods: 1990-1999 and 2000-2013, respectively before and after the introduction of novel treatment options for MM in Sweden that have been shown to improve survival. 19, 20 A total of 333 patients were excluded from analysis because of unknown age; 68 of these were patients with a fracture. A Cox regression model was used to estimate the effect of a fracture at diagnosis (defined as 30 days before or after MM diagnosis) on survival after the time of MM diagnosis. All results were adjusted for age, sex, previous fracture and year of MM diagnosis. Results were presented as hazard ratios (HR) with 95% confi-dence intervals (CI). P<0.05 was considered significant and all statistical analysis was performed in R version 3.5.2. 23 A landmark analysis was performed by selecting a subset of MM patients alive at six months after MM diagnosis and stratifying patients according to whether they had developed a fracture from the day of MM diagnosis (day 0) until six months after diagnosis or not. Fractures before the day of MM diagnosis were not included in the landmark analysis to avoid any immortal time bias. 24 A Cox regression model was used to assess the association of fracture status at six months and survival, and a Kaplan-Meier graph was generated to visualize the difference in survival between the two groups. A Cox regression model was used with fracture as a timedependent variable to assess the association of fracture and survival after MM diagnosis (from the day of MM diagnosis). The effect of fracture was assessed for any fracture or a specific subtype of fracture. Specifically, we assessed pathologic (all fractures registered as pathologic fractures), vertebral (both pathologic and others), hip, femoral, humerus, forearm, rib, pelvis, and ankle fractures. Either first fracture or the first subtype of fracture was used in the analysis. The effect of fracture was analyzed for males and females separately for two age groups (<70 years and ≥70 years old) and for the two calendar periods. Results were adjusted for age, sex, time of diagnosis, and previous fractures. To compare the difference in the association of fracture and survival between the two calendar periods, the two age groups, and sexes, the interaction effect of the variable and fracture was assessed in a Cox regression model. Because outpatient visits were included from year 2000, we performed an additional analysis with only inpatient diagnoses of fractures when comparing the calendar periods. Furthermore, we assessed the association of fractures and death after MM diagnosis for two calendar periods after year 2000: 2000-2006 and 2007-2013.
As an additional analysis, four controls, matched by gender, year of birth, and county of residence, were chosen randomly from the Swedish Register of Total Population. All controls were alive and free of MM at the time of MM diagnosis for the corresponding patient. Cox regression model was used with fracture as a time-dependent variable from MM diagnosis in the corresponding case to assess the association of fracture and survival in the matched controls. The effect of fracture was assessed for any fracture or a specific subtype of fracture (vertebral, femoral, humerus, rib, or ankle fracture).
Results
A total of 14,013 patients were diagnosed with MM in the period from 1 st of January 1990 to 31 st of December 2013. The median age was 72 years (range 20-99 years) and 54.9% were males (Table 1) 
Effect of fractures at diagnosis on survival and landmark analysis
A total of 1,213 (8.7%) of all MM patients were diagnosed with a fracture at MM diagnosis (within 30 days before or after MM diagnosis). The patients with a fracture at diagnosis were at a significantly increased risk of death compared to those without a fracture (HR=1.28; 95%CI: 1.19-1.37). A total of 11,541 patients were alive six months after MM diagnosis and were included in the landmark analysis. Of these, 876 (7.6%) patients developed a fracture during the first six months after MM diagnosis (from the day of MM diagnosis). Patients with a fracture during the first six months after MM diagnosis were at a significantly higher risk of death compared to those with no fractures in the first six months (HR=1.31; 95%CI: 1.20-1.42) ( Figure 3 ).
Effect of fractures on survival after multiple myeloma diagnosis, by subtype, gender, age, and calendar period
The risk of death was significantly increased for patients who developed a fracture after the time of MM diagnosis (HR=2.00; 95%CI: (Figure 4 ). The risk of death was similar for males and females with a fracture as compared to males/females without a fracture (HR=2.01; 95%CI: 1.88-2.16 and 1.99; 95%CI: 1.86-2.13, respectively). The risk of death for MM patients over 70 years old at diagnosis with a fracture compared to those without a fracture was significantly increased (HR=1.88; 95%CI: 1.77-2.00). However, in patients under 70 years old at MM diagnosis, the risk of death in patients with a fracture compared with those without a fracture was more pronounced (HR=2.28; 95%CI: 2.11-2.47). The interaction effect of fracture and age group was significant, signifying that the HR for MM patients under 70 years old at diagnosis was significantly higher than for patients ≥70 years old at diagnosis (HR=1.22; 95%CI: 1.11-1.34; P<0.01).
The 
Effect of fracture on survival in matched controls
A total of 53,154 matched controls were included in the study, and 9,897 (18.6%) developed a fracture during the follow up. The median follow up for all controls was 6.8 years. The risk of death was increased for controls who developed a fracture after the time of MM diagnosis in the corresponding MM case as compared to controls without a fracture (HR=2.02; 95%CI: 1.95-2.08) for all fractures combined. The risk of death was increased for controls who developed a vertebral (HR=2.01; 95%CI: 1.88-2.15), femoral (2.17; 1.92-2.45), humerus (1.66; 95%CI: 1.54-1.79), and rib (1.62; 95%CI: 1.48-1.78) fracture. haematologica | 2020; 105(4) 
Discussion
Our population-based study, including over 14,000 MM patients diagnosed in Sweden from 1990 to 2013, shows that MM patients with a fracture at MM diagnosis are at 28% higher risk of dying than those without a fracture at diagnosis. Furthermore, after MM diagnosis, patients who develop a fracture are at a 2-fold increased risk of dying, compared to MM patients who do not develop a fracture. These observations underline the clinical importance of fractures in MM patients in a realworld setting, from diagnosis and throughout the course of the disease.
We found that MM patients with a fracture at diagnosis had an inferior survival compared to MM patients without a fracture at diagnosis which indicates that fractures are a proxy for a more established and/or active disease at diagnosis. We previously showed in a population-based study that individuals with monoclonal gammopathy of undetermined significance (MGUS), a precursor condition preceding MM, had a 74% increased risk of fractures at five years compared to controls. 25 Furthermore, our group and others have shown that a prior diagnosis of MGUS or smoldering MM is associated with improved survival in MM, suggesting that early treatment leads to improved survival. 26, 27 Possibly, a prior diagnosis of a precursor state could reduce the risk of fractures and/or the impact of fractures on survival after MM diagnosis. Our findings underline the importance of thorough evaluation of bone disease in precursor states as well as in active MM.
Our findings of a 2-fold higher risk of dying for MM patients with a fracture compared to patients without fractures demonstrates the significant impact of fractures on patients with MM, and is a higher risk than previously reported in clinical cohorts. 16 This is, to the best of our knowledge, the first real-world data analysis on the association of fractures and survival in MM. These results were further confirmed in our landmark analysis, where MM patients with fractures during the first months of the disease had a poorer survival than those without fractures. Our findings are partially in accordance with what has been observed in the general population, where fractures, especially osteoporotic fractures, have been associated with an increased risk of death, although not to the same extent as in MM patients. [28] [29] [30] In patients with metastatic or progressed solid tumors, skeletal-related events have been associated with increased mortality, even when adjusted for stage and/or treatment. 14, 16 Fractures occurring after MM diagnosis may be an indication of aggressive relapse, although we cannot evaluate to what extent fractures are an independent prognostic factor because we do not have clinical data on these patients.
Our analyses on different subgroups of fractures in MM patients and controls indicate that the impact on survival in MM reflects both the effect of the fractures themselves as well as the progression of MM. Femoral fractures are well known to increase mortality in the elderly, especially in the first months after the fracture, 29 and were associated with the highest risk of dying in both MM and the controls in our study. The impact of humerus fractures on survival in MM, on the other hand, seems to reflect the effect of the progression of the disease, since MM patients who developed a humerus fracture after diagnosis had a 2.6fold risk of dying compared to an only 1.7-fold risk in the controls with a humerus fracture. In addition to this, we found that ankle fractures were not associated with survival in MM, highlighting the fact that our findings are specific to MM-related or osteoporotic fractures and not all fractures in general. Our results, therefore, indicate that the effect of fractures on survival in MM is both due to the direct impact of fractures as well as through progression of MM, suggesting that patients with extensive MM bone disease have a more aggressive disease.
We did not find any significant change between the two calendar periods in the risk of death after first fracture in MM. More effective treatment agents were introduced in MM after 2000. [19] [20] [21] These included the immunomodulators thalidomide and lenalidomide, and the proteasome inhibitor bortezomib, that were increasingly used during the later calendar period, and were used in over 80% of all MM patients in Sweden in 2013. 31 Previous studies have shown that bortezomib can both inhibit growth of osteoclasts and stimulate osteoblasts, thereby leading to bone healing in MM. 32, 33 Furthermore, the immunomodulators also seem to prompt the bone microenvironment towards bone formation. 34, 35 In addition to this, bisphosphonates, that are a well-established part of the treatment of MM patients, are known to reduce pathologic vertebral fractures, skeletal-related events, and pain. 36 Moreover, zoledronic acid, that was approved for MM in the later calendar period of the study, has shown a positive effect on overall survival. 13 In 2010, Swedish national guidelines recommended treatment with bisphosphonates from the time of MM diagnosis for all MM patients, irrespective of the presence of bone disease, and in the years 2008 to 2015, over 70% of MM patients received bisphosphonates as part of their disease management. 31 In our study, even in 2000-2013, when we had information on outpatient visits for fractures for the whole period, we found no change over time in the association of fracture after MM diagnosis and survival. Thus, despite the increasing use of more effective treatment agents and more widespread use of bisphosphonates, fractures are still an important predictor of overall survival. The strengths of our study include the large populationbased study design, including almost all patients diagnosed with MM in Sweden during a more than 20-year period. 22 Using these real-world data, all MM patients are included, and the results therefore reflect the actual patient population. Because of the unique identification numbers assigned to every individual in Sweden, we have extensive and accurate follow up for the majority of this large group of patients. Furthermore, the high number of MM patients and fractures yields the study high statistical power to ana-lyze the effect of different subgroups of fractures.
The limitations of our study include the fact that we do not have information on clinical stage, other prognostic factors, or on what treatment the MM patients received. Therefore, it is not possible to determine from our data whether fracture is an independent risk factor for death in MM. Because the fractures occurred after the MM diagnosis, there is a risk of immortal time bias in our survival analysis. To address this, we used both the method of time dependent co-variatesand landmark analysis to accurately analyze the difference in survival between the fractured and unfractured groups. 24, 37 In addition, we do not have access to radiographic images or individual patient records; therefore fractures, especially asymptomatic fractures, might be relatively underreported. In our study, a smaller proportion of patients were diagnosed with a fracture after MM diagnosis than had been previously reported. 5 The difference between these results might be explained by the study designs, the fact that ours is a large database study using ICDcodes, and that, in the older study, all patient records were searched retrospectively for the occurrence of a fracture. Finally, a limitation of our study is that our follow up ended in 2013; although it would have been interesting to perform our analyses on more recent data, we did not have access to a more up-dated database at the time of the study.
In conclusion, our population-based study shows that MM patients with a fracture at MM diagnosis have an inferior survival than patients without a fracture at diagnosis. Furthermore, we found that MM patients who develop a fracture after the time of MM diagnosis are at a 2-fold risk of dying compared to patients who do not develop a fracture, and that this risk did not decrease significantly after the introduction of more effective treatment agents in MM. Our results stress the importance of preventing bone disease in MM, not only to prevent the morbidity of fractures, but possibly to influence survival.
